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Experiments at RHIC have shown that in 200 GeV Au–Au collisions, the Λ and Λ¯ hyperons are produced
with very small polarizations (Abelev et al., 2007) [1], almost consistent with zero. These results can be
understood in terms of a model that we proposed (Barros and Hama, 2008) [2]. In this Letter, we show
how this model may be applied in such collisions, and also will discuss the relation of our results with
other models, in order to explain the experimental data.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.Since the discovery of signiﬁcant polarization for the Λ parti-
cles produced in 100 GeV p–Be collisions by Bunce [3], hyperon
polarization has shown to be a very challenging subject, as, at
the time it was a totally surprising result. This fact, unexpected
both experimentally and theoretically has been conﬁrmed by fur-
ther experiments, and this puzzle has been complicated when the
polarizations of the other hyperons and antihyperons have been
measured [4–11].
Hyperon polarization may be quite well described by parton-
based models [12–14], but antihyperon polarization not. In [2], we
proposed a model that was able to describe successfully the anti-
hyperon polarization in terms of ﬁnal-state interactions that occur
in the hadronic phase of such collisions, in a mechanism based in
relativistic hydrodynamics.
Recently, at RHIC, in 200 GeV Au–Au collisions, the Λ and Λ¯
polarizations have been measured [1], as functions of the trans-
verse momentum, in the range 0 < pt < 5 GeV, and as functions
of the pseudorapidity, in the range −1.5 < η < 1.5. In this region,
the ﬁnal polarization for both particles may be considered con-
sistent with zero. The polarizations have been measured in the
direction orthogonal to the reaction plane, that is a plane deter-
mined by the direction of the impact parameter b, and the beam
direction. As it was suggested in [15], zero polarization in high en-
ergy nucleus–nucleus interactions, if observed, could show a signal
of quark–gluon plasma formation. Some models show good re-
sults in explaining Λ and Λ¯ polarizations. In [18–20], this effect
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Open access under the Elsevier OA license.is proposed as the partons are produced with large angular mo-
mentum, and quark polarization results from parton scattering. In
[16,17] polarization of spin 1/2 particles for an equilibrated system
is computed.
As we can see, this is a very important problem, and the objec-
tive of this Letter is to study this question, showing some results
that we obtained, and discussing their relations with other theo-
retical results. We will apply the model that we used to calculate
antihyperon polarization in p–A collisions, in the study of the Au–
Au collisions performed at RHIC. In [2], we have shown that signiﬁ-
cant polarization may occur considering this model. We investigate
the effect of the ﬁnal-state interactions in nucleus–nucleus colli-
sions and if it is possible that these interactions may affect the
ﬁnal polarization of the produced particles. This model is based on
the hydrodynamical aspects of such collisions, so, the ﬁrst step is
to obtain the velocity distribution of the ﬂuid formed during the
collision. Then, we will use it in order to obtain the average polar-
ization, taking into account the πΛ and πΛ¯ ﬁnal interactions.
In the hydrodynamical picture, in the collision of two high-
energy particles, the large amount of energy localized in a very
small volume produces a ﬂuid, that expands and then produces the
ﬁnal particles, what may be understood by the freeze-out mecha-
nism. We will suppose a parametrization of the velocity distribu-




= A[e−β(α−α0)2 + e−β(α+α0)2]e−βtξ2 , (1)
that is written in terms of its longitudinal (α) and transversal
(ξ ) rapidities. That means that the formed ﬂuid expands in the
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10–20%, 20–30%, 30–40%, 40–50%. We compare our results (solid lines), with the
experimental data from [24] (points).
incident nuclei direction (α), and also in the transverse direction
(ξ ). This kind of velocity distribution has shown to describe cor-
rectly the production of particles in many other systems [21,22].
We may visualize this ﬂuid geometrically, in a ﬁrst approxima-
tion, as an hot expanding cylinder. The constants β , βt and α0 are
parameters that describe the shape of this distribution. They are
determined by calculating the distributions of the produced par-
ticles, and, comparing them with the RHIC experimental data for
the transverse momentum pt [23] and pseudorapidity (η) distribu-
tions [24].
This objective may be achieved, making a convolution of the
ﬂuid velocity distribution (1), with the particles distribution, inside
these ﬂuid elements, that may be considered a Bose distribution as




exp (E0/T ) − 1 (2)
with the temperature T ∼mπ , and p0 and E0 are the momentum
and energy of the pions inside one ﬂuid element. So, the observed










)− 1 sinh ξ cosh ξ dα dξ dφ, (3)
where φ is the azimuthal angle. The results of the particles distri-
butions resulting from Eq. (3) are shown in Figs. 1 and 2. We ob-
tained a very good description of dσ/dη for all centralities (Fig. 1),
and for the pt distribution (Fig. 2), the results are very good for
pt < 6 GeV. For pt > 6 GeV, a small discrepancy may be noticed,
and it increases with pt . This fact is not a problem for the present
work, as in the experimental data for polarization, the values of pt
investigated are below this value. This problem shows that other
processes become important at large pt , such as the hard scatter-
ing ones. A way to improve the results is to insert an extra term,
depending on the transverse rapidity of the ﬂuid ξ , in Eq. (1), what
represents alterations in the equation of state. For simplicity, it will
not be done in this Letter.
The parameters obtained are β = 0.14, βt = 3.2 and α0 in the
range 1.5–1.75, varying with the centrality, as it can be seen inFig. 2. Comparison of the calculated distribution dN/d3p as function of pt with the
experimental data from [23].
Table 1
Values of the parameters β , βt and α0 of the curves shown Figs. 1 and 2.
Centrality β βt α0
0–5% 0.14 3.2 1.50
5–10% 0.14 3.2 1.56
10–20% 0.14 3.2 1.62
20–30% 0.14 3.2 1.67
30–40% 0.14 3.2 1.70
40–50% 0.14 3.2 1.75
Table 1. We can observe that β and βt does not seem to have any
dependence on the centrality.
Observing these results, one may see that the ﬂuid parametriza-
tion, with the velocities distributions given by (1), is very reason-
able and describes quite well the experimental data in the region
of our interest. So, considering this description, we may calcu-
late the polarization of a hyperon (or antihyperon) produced in
the interior of such system, taking into account the effect of the
ﬁnal-state interactions, of these particles with the surrounding pi-
ons (that is the dominant effect), as we made in [2].
Now, let us turn our attention to the ﬁnal-state interactions.
The most important case to be considered is the πΛ (πΛ¯), as it
is the most probable interaction. The relative energy of this in-
teraction is not so high, despite the fact that these particles are
observed with high energies in the laboratory system of reference.
This interaction may be described by effective chiral Lagrangians,
as we made in [26–28], where the resonance Σ∗(1385) in the in-
termediate state is a key element. These Lagrangians are
LΛπΣ = gΛπΣ
2mΛ
















where φ is the pion ﬁeld and Z is a parameter representing the
possibility of the off-shell-resonance having spin 1/2.
The considered diagrams for the scattering amplitude are
shown in Fig. 3. The scattering amplitude determines the cross
sections dσ/dΩ and dσ/dt , and the polarization. More details
on the calculations may be found in [2,27] and [26]. The Λ
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Fig. 4. Polarization in the πΛ interaction as function of x = cos θ , for some values
of the pion momentum, in the πΛ center-of-mass system [26].
polarization, as a function of x = cos θ , where θ is the scattering
angle, is shown in Fig. 4.
One must observe that this model, that we proposed in 2001
[26], has made a very good prediction for the πΛ phase shift at
the Ξ mass, δP − δS = 4.3◦ , result that has been conﬁrmed exper-
imentally at the Fermilab in the HyperCP experiment in 2003 [29,
30], where they obtained δP − δS = (4.6 ± 1.4 ± 1.2)◦ . This result
validates our model for the πΛ interaction.
With the knowledge of the velocities distribution, shown in
Figs. 1 and 2, and of the ﬁnal interactions (Fig. 4), we are able
to calculate the average polarization of the produced particles in
the same way we made in [2].
The average polarization may be calculated by the expression
〈P 〉 =
∫ (P ′dσ/dt)G dα dξdφ d Λ′0 d π ′0∫
(dσ/dt)G dα dξ dφ d Λ′0 d π ′0
, (5)
where Λ′0 is the Λ momentum and π ′0 is the pion one. The factorG that appears in Eq. (5) contains the statistical weights of the
production of the particles and the ones relative to the expansion
of the ﬂuid, and can be written as
G = (dρ/d
3u)




E ′0 + E ′π0 − E ′ −
√
m2π +
( π ′0 + Λ′0 − Λ′)2
)
, (6)
where dρ/d3u, is given by (1).
With this procedure we obtained the results shown in Figs. 5
and 6. As we can see, the resulting polarization is very small
(smaller than 1%) for all values of the centrality, and are in good
accord with the experimental data for both Λ and Λ¯.
It is known that in high energy p–A collisions [3], the p → Λ
process, produces polarized Λ hyperons. This result may be ex-
plained in terms of a quark exchange, of the type u → s, where
an u quark of the incoming proton is exchanged by a s quark, andFig. 5. Calculated polarization (dashed line) as function of pt compared with the
experimental data from [1].
Fig. 6. Calculated polarization (dashed line) as function of η compared with the
experimental data from [1].
this reaction leads to signiﬁcant polarization, transversal to the re-
action plane. In A–A collisions this effect is not expected to occur.
As pointed by Panagiotou in 1986 [15], a vanishing polarization
should be considered as a sign of quark–gluon plasma formation.
In [18–20] the polarization of such reactions is well studied, and
it has been shown that a very small polarization is expected. As it
was shown in [25], if we consider a polarized parton, produced in
the interior of a quark–gluon plasma, that is estimated to have a
lifetime of the order of tQGP ∼ 10 fm/c (at RHIC in 200 GeV col-
lisions, about 6 fm/c) [33,34], and observing that the mean free
path of the partons inside the plasma is relatively large, the effect
of successive scattering is to attenuate this polarization. Interest-
ing ideas about these processes may be found in [16,17]. In [25],
vortices formation inside the plasma is studied, and this mean
free path is related to the size of the radius of curvature within
the formed vortex. So, according to the models above, in high en-
ergy collisions, the hyperons are produced unpolarized, or, with
an almost negligible polarization. Considering now the rescatter-
ing in the hadronic phase, that has a lifetime about 2–3 tQGP , it is
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formation of the initial plane of production may be lost. But what
should happen if the ﬁnal-state interactions are considered?
Final-state interactions is a kind of effect that is very impor-
tant in many systems, as for example, in the study of CP violation
in non-leptonic hyperon decays, where the ﬁnal amplitude is de-
termined by the amplitude resulting from the ﬁnal-state strong
interactions [28,31,32]. As we have shown [2], this effect is funda-
mental in the understanding of the polarization of antihyperons in
p–A collisions, where unpolarized hyperons may become polarized.
So, it is very reasonable to think that something similar might oc-
cur in heavy-ion collisions, where the systems are very large, and
the energy, very high. In a system, such as a RHIC collision, the
probability of ﬁnal interactions increase, and this effect becomes
more important. The question is if a unpolarized produced Λ, may
become polarized, after the ﬁnal interactions.
As we veriﬁed, in p–A collisions [2], signiﬁcant polarization in
the direction normal to the plane determined by the hyperon and
beam directions (production plane), may be obtained when unpo-
larized particles interact near the surface, as for example in the
Ξ¯+ production. So, a question that may be proposed, is if this ef-
fect could have some relation with the recent data obtained in the
direction normal to the reaction plane, and some residual polariza-
tion could be observed. In this Letter, performing the calculations,
we have shown that the ﬁnal polarization remains very small (al-
most negligible), and this fact is due to two reasons: The ﬁrst, and
probably the most important one, is that the asymmetry in the
polarization occurs due to the asymmetry of the system, what is
determined by the parameter β , that shows the shape of the ra-
pidity distribution. For large values of β (∼2–3, that appears in
p–A collisions), in the forward direction this distribution is sharp,
and polarization occurs. In Au–Au collisions, as we have shown,
β is very small (β = 0.14 for the data studied in this Letter), so
the distribution is smooth, what determines cancellation of the
ﬁnal polarization. The second reason, is that the Λ polarization
in the πΛ interaction is not large for most of the incident ener-
gies. If we observe Fig. 4, we may notice that it is positive and
smaller than 0.25 for most of the energies, and becomes negative
for higher energies. But for these energies, the statistical weight
is much smaller. When the average has been calculated, it was al-
most totally washed out. In fact, this effect also occurred in [2],
where the ﬁnal Λ and Λ¯ polarizations were very small. On the
other hand, in [2], considering other hyperons and antihyperons,
large ﬁnal polarization (consistent with the experimental data) has
been obtained.
So, the mechanism that is responsible for the polarization in
p–A collisions, in high energy A–A collisions has exactly the oppo-
site effect, and destroys most of the signs of polarization. We must
remark the consistency of the hydrodynamical approach for these
collisions that works for p–A and for A–A collisions.
Observing these facts we can conclude that when the polar-
ization is small in pp and pA collisions, measured the productionplane, it will be small in AA collisions, in the reaction plane, as
it was shown in this Letter for Λ and Λ¯ (in fact, the polariza-
tion will be much smaller in AA collisions). For the other hyperons,
(Σ , Ξ and the antihyperons, see [2]), that are produced with sig-
niﬁcant polarizations in pA collisions (up to 30% in some cases),
we also expect that in AA collisions, such as the RHIC systems,
the polarization measured in the reaction plane becomes smaller.
An interesting question is if this polarization is totally washed out
or some polarization may be observed. This question shall be dis-
cussed in a next work.
Acknowledgement
This work was supported by FAPESC.
References
[1] STAR Collaboration, B.I. Abelev, et al., Phys. Rev. C 76 (2007) 024915.
[2] C.C. Barros Jr., Y. Hama, Int. J. Mod. Phys. E 17 (2008) 371.
[3] G. Bunce, et al., Phys. Rev. Lett. 36 (1976) 1113.
[4] K. Heller, et al., Phys. Lett. B 68 (1977) 480;
K. Heller, et al., Phys. Rev. Lett. 41 (1978) 607;
S. Erhan, et al., Phys. Lett. B 82 (1979) 301.
[5] B. Lundberg, et al., Phys. Rev. D 40 (1989) 3557.
[6] C. Wilkinson, et al., Phys. Rev. Lett. 46 (1981) 803.
[7] L. Deck, et al., Phys. Rev. D 28 (1983) 1.
[8] R. Ramerika, et al., Phys. Rev. D 33 (1986) 3172.
[9] M.I. Adamovich, et al., Z. Phys. A 350 (1995) 379.
[10] P.M. Ho, et al., Phys. Rev. Lett. 65 (1990) 1713;
P.M. Ho, et al., Phys. Rev. D 44 (1991) 3402.
[11] A. Morelos, et al., Phys. Rev. Lett. 71 (1993) 2172;
A. Morelos, et al., Phys. Rev. D 52 (1995) 3777.
[12] B. Andersson, G. Gustafson, G. Ingelman, Phys. Lett. B 85 (1979) 417.
[13] T.A. DeGrand, H.I. Miettinen, Phys. Rev. D 24 (1981) 2419.
[14] S.M. Troshin, N.E. Tyurin, Phys. Rev. D 55 (1997) 1265.
[15] A.D. Panagiotou, Phys. Rev. C 33 (1986) 1999.
[16] F. Becattini, F. Piccinini, J. Rizzo, Phys. Rev. C 77 (2008) 024906.
[17] F. Becattini, F. Piccinini, Ann. Phys. 323 (2008) 2452.
[18] Z. Liang, X. Wang, Phys. Rev. Lett. 94 (2005) 102301.
[19] J.-H. Gao, et al., Phys. Rev. C 77 (2008) 044902.
[20] S. Zhou, Y. Chen, Z. Liang, Q. Xu, Phys. Rev. D 79 (2009) 094018.
[21] Y. Hama, Nuovo Cim. A 46 (1978) 569.
[22] Y. Hama, F.S. Navarra, Z. Phys. C 53 (1992) 501.
[23] PHENIX Collaboration, S.S. Adler, et al., Phys. Rev. Lett. 91 (2003) 241803.
[24] BRHAMS Collaboration, I.G. Bearden, et al., Phys. Rev. Lett. 88 (2002) 202301.
[25] B. Betz, M. Gyulassy, G. Torrieri, Phys. Rev. C 76 (2007) 044901.
[26] C.C. Barros, Y. Hama, Phys. Rev. C 63 (2001) 065203.
[27] C.C. Barros Jr., M.R. Robilotta, Eur. Phys. J. C 45 (2006) 445.
[28] C.C. Barros Jr., Phys. Rev. D 68 (2003) 034006;
C.C. Barros Jr., hep-ph/0402093.
[29] A. Chakravorty, et al., Phys. Rev. Lett. 91 (2003) 031601.
[30] M. Huang, et al., Phys. Rev. Lett. 93 (2004) 011802.
[31] A.N. Kammal, Phys. Rev. D 58 (1998) 077501.
[32] J. Tandean, A.W. Thomas, G. Valencia, Phys. Rev. D 64 (2001) 014005.
[33] J. Rafelski, J. Letessier, Phys. Rev. Lett. 85 (2000) 4695.
[34] L.P. Csernai, J.I. Kapusta, Phys. Rev. D 46 (1992) 1379;
L.P. Csernai, I.N. Mishustin, Phys. Rev. Lett. 25 (1995) 5005;
L.P. Csernai, J. Phys. G 28 (2002) 1993.
